This study evaluated the effects of three metal primers and one multi-mode adhesive system on the shear bond strength (SBS) of a flowable composite resin to nickel-chrome metal alloy (Ni-Cr). Ninety plates were cast from Ni-Cr and divided in nine groups (n=10). The surfaces were sandblasted with Al 2 O 3 and primed with three adhesive primers: Alloy Primer (AP), Universal Primer (TP) and RelyX Ceramic Primer (CP), and a multimode adhesive (Scotchbond Universal, SU). The Adper Single Bond Plus (SB) and SU adhesives were also combined with adhesive primers. Control group did not have any surface treatment. The groups were: AP, AP+SB, AP+SU, TP+SB, TP+SU, CP+SB, CP+SU and SU. Composite cylinders were built on alloy surface. After 24 h, half the specimens were subjected to SBS and the other half to thermal cycling before testing. Data were analyzed by two-way ANOVA and Tukey's test (a=0.05). Failure modes were assessed by SEM observation. Higher SBS were obtained with AP and TP combined with adhesives at 24 h and the lowest one for control group. Thermocycling reduced SBS for AP, CP+SU and SU. Combination between TP and SU resulted in the highest SBS after the thermocycling. TP groups showed all types of failures and high incidence of mixed failures. The use of AP and UP metal primers before application of SU and SB adhesive systems increased the SBS of composite to Ni-Cr. These combinations between metal primers and adhesives had the highest SBS after thermocycling.
Introduction
Porcelain-fused-to-metal (PFM) indirect restorations are still considered a good option for oral rehabilitation, for its aesthetic quality and high resistance (1, 2) . Due to its high elasticity module relative to gold, nickel-chrome (NiCr) alloy is suitable for metallic framework in fixed partial denture, single crowns, implant connections, etc. Some failures of ceramic-fused-to-metal indirect restorations are related to ceramic fractures with exposure of the metal substructure, with aesthetic and functional damages. According to Hickel et al. (3) , the major causes of porcelain fractures are due to laboratory preparations and incorrect treatment planning, like inadequate interocclusal space for the metal substructure and porcelain cover, improper design preparation, impact and fatigue load (1) (2) (3) .
Ideally, replacement of the restoration is desirable, but sometimes the intraoral repair with composite resin is an option with the advantage of shorter time procedure and low cost (4) . In attempt to improve the bonding of composites to alloy, chemical and mechanical bonding techniques have been proposed to treat the dental alloys surface in order to obtain adequate bonding (5) . Silicoater MD (Heraeus Kulzer GmbH, Hanau, Germany) and Rocatec (3M ESPE, St Paul, MN, USA) have also been reported to be effective, but they require special equipment (6) . Metal primers do not require special equipment or complicated manipulations. They contain active monomers that provide chemical bonding between the composite resin and oxide on the metal alloy surfaces (7, 8) .
The 4-META (4-methacryloyloxyethy trimellitate anhydride) was the first monomer used for adhesion to metal. It was used to improve the bonding to metal castings, eliminating the need for mechanical retention (9) . New monomers containing phosphoric and carboxylic acid groups have been synthesized as adhesion promoters for metal alloys, like 10-methacryloyloxydecyl dihydrogenphosphate (10-MDP) and 1-methacryloxy-1,1-undecanecarboxylic acid (MAC-10). Other functional monomers containing sulfur compounds, 6-(4-vinylbenzylpropyl)amino-1,3,5-triazine-2,4-ditione (VBATDT) and 6-methacryloxyhexyl-2-thiouracil-5-caboxylate (MTU-6) have been successfully indicated for bonding to precious metal alloys (8, 10, 11) .
Dual function primers are composed of sulfurcontaining monomers and phosphoric or carboxylic monomers, and are designed for both noble and base metal alloys (6, 12, 13) . These primers may contain MDP, VBATDT, MTU-6 or MAC-10 and combinations of two of these functional monomers. In recent years, "Universal" or "Multi-mode" adhesives have been introduced and also are indicated to bond composites to metal alloys. However, investigations have focused on adhesion to enamel and dentin (14, 15) , and no information regarding the bonding of universal alloy primers and adhesives to metal alloys was provided.
Thus, the purpose of this study was evaluate the effects of three adhesive primers and one multi-mode adhesive system on the shear bond strength (SBS) of flowable composite to Ni-Cr alloy, after thermal cycling or not of samples. The null hypotheses tested were that (1) SBS would not be influenced by the primers or multimode adhesive and (2) thermocycling would not reduce the SBS.
Material and Methods
The materials used are in Table 1 . Three adhesive primers were used: RelyX Ceramic Primer (3M ESPE; St Paul, MN, USA), Alloy Primer (Kuraray Noritake Dental Inc.; Tokyo, Japan) and Universal Primer (Tokuyama Dental Corp.; Tokyo, Japan). The primers were combined with two dental adhesives (Adper Single Bond Plus and Scotchbond Universal; 3M ESPE).
Ninety rectangular wax patterns (8 x 10 x 2 mm) were prepared and cast using nickel-chrome alloy (Verabond II; Aalba Dental Inc., Fairfield, CA, USA), according to manufacturer's instructions. The casting blocks were embedded in a self-polymerizing acrylic resin (Vipi Flash; Vipi Produtos Odontológicos, Pirassununga, SP, Brazil) using 1/2" diameter rigid PVC tubes (Tigre; Rio Claro, SP, Brazil). One side had the metal surface exposed, used for bonding of flowable composite by different bonding agents and techniques. The metal alloy surfaces of all samples were polished with 180-grit wet silicon carbide abrasive paper for 30 s (Norton; Guarulhos, SP, Brazil), sandblasted with 50 μm aluminum oxide (nozzle at 10 mm from the surface at 60 psi) for 10 s (Microetcher IITM; Danville Engineering Inc., San Ramon, CA, USA) and placed in an ultrasonic cleanser (USC 1400; Unique, Indaiatuba, SP, Brazil) for 15 min.
Samples were randomly divided in nine groups (n=10), according to the used primers and adhesive systems. The experimental groups are in Table 2 All primers and adhesive were applied according to manufacturers' instructions. Light-activation was performed with Bluephase LED curing unit (Ivoclar Vivadent; Schaan, Liechtenstein) in standard irradiation mode (1,000 mW/cm 2 ). After treating or not the Ni-Cr alloy surface, six silicone molds were positioned over the alloy surface (cylindrical hole 1 mm diameter and 1 mm high) and flowable resin (Filtek Supreme Ultra Flowable Restorative; 3M ESPE) was poured into the holes to fill them. The flowable composite was used to facilitate the filling of mold hole, which has small dimensions. The composite resin was light activated for 20 s. Afterwards, the silicone molds were carefully removed to expose the composite cylinders and to obtain 6 composite cylinders bonded to alloy surface.
The samples were stored in water at 37 °C for 24 h. After the SBS test, each sample was gold-sputtered (Desk ll; Denton Vacuum Inc., NJ, USA) in order to evaluate the mode of fracture in SEM (JSM-5600LV; JEOL, Tokyo, Japan) at 50× magnification. The failure mode was classified as follows: "Adhesive" when the metal surface from bonding site was 100% exposed; "Cohesive" when the fracture involved the flowable composite and "Mixed" when the fracture occurred cohesively within composite and was also "Adhesive" (16) .
Results
SBS means and standard deviations of the experimental groups and the results of statistical analysis are presented in the Table 2 . Two-way ANOVA demonstrated that there were statistically significant differences for the factors "treatment" (F=73.25, p<0.0001) and "thermal cycling" (F=88.10, p<0.0001) and for interaction between the factors (F=3.90; p=0.0009).
For the 24-h groups, the Tukey's post-hoc test showed that the application of primers (AP and UP) combined with bonding agents (SB and SU) increased significantly the SBS, except when CP was used. There was no significant difference in SBS values between control group, CP groups (CP+SB and CP+SU) and SU only.
For thermocycled groups, the lowest SBS values were found for control group, AP, CP+SB, CP+SU and SU (6.7±1.4 MPa to 11.4±4.3 MPa), while the highest SBS was obtained with UP+SB (26.0±3.5 MPa). Intermediate values were found around 19 MPa for AP+SB, AP+SU and UP+SB. Thermal cycling reduced the bond strength for AP, CP+SU and SU.
The failure mode of each group is presented in Figure  1 . The control group, AP and SU showed 100% adhesive failures. The UP yielded greater prevalence of mixed failures. Cohesive failures within composite were observed only for the UP+SB group at 24 h.
Discussion
Both null hypotheses stating that SBS would not be influenced by the primers or multimode adhesive and the thermocycling would not reduce the SBS, were rejected, since some groups with adhesive primers had increased SBS compared to control group and because thermocycling decreased SBS depending on the experimental group. The AP and UP combined with dental adhesives improved the SBS, while the multi-mode and CP primer did not affect the SBS and were not statistically different from control group. The SBS of three groups (AP, CP+SU and SU) was reduced after thermocycling compared to their respective 24-h groups.
The high bond strength between metal and composite resin depends on the micromechanical interlocking and physicochemical bonding or a combination of both (7, 10, 17, 18) . The micromechanical retention can be obtained by sandblasting with aluminum oxide abrasive particles, while the chemical bonding results from functional monomers of the metal primers, which are able to react and bond to the surface oxide layer of dental alloys (7, (17) (18) (19) . This layer is formed on the surface of most metal alloys exposed to oxygen and/or high temperatures (19) .
Before applying alloy primers, the Ni-Cr surfaces were sandblasted with aluminum oxide (50 μm) to remove the superficial oxide layer, to clean from investment and to increase the bonding area. Sandblasting also standardized the metal surface (19) , in order to accurately assess the influence of thermocycling and application of metal primers and adhesive system on the SBS of composite resin to Ni-Cr metal alloy. Thermocycling was used to produce aging of metal alloy-composite interfaces, because the temperature variations are able to shrink and expand resin-based materials involved in this interface (adhesives and composite), which may compromise the bond and reduce the bond strength of composite resin to Ni-Cr alloy (12) . Thus, the bond strength outcomes after thermocycling varied according to the type of metal primer and the used adhesive (6), because these bonding agents present different compositions that maybe interact differently with the oxide layer of the Ni-Cr surface (7) .
AP metal primer is advised improve the adhesion between resin-based materials to gold, other noble alloys, base metals and titanium. It contains a mixture of VBATDT and 10-MDP. The VBATDT, a thione-thiol tautomer, is effective to promote adhesion between noble metal alloys and resin-based materials. The thione group reacts chemically with metals, while vinyl groups copolymerize with the methacrylate-based resins (18, 20, 21) . 10-MDP can react chemically with chromium oxide of the casting surface, producing strong adhesion (5,18). Bulbul et al. (18) obtained higher SBS values using AP applied to CoCr metal alloy, but after thermocycling the bond strength values decreased significantly, which was not considered durable and reliable.
In this study, when the AP was used in combination with SB or SU, there were no SBS differences between the at 24 h and after thermocycling. However, when AP was applied alone, the SBS decreased after thermocycling. These results suggested that AP needs an adhesive layer over it to maintain a stable adhesion. The fracture mode was 100% adhesive, but for AP combined with adhesive systems, some mixed fractures were observed.
The SBS of AP to Ni-Cr alloy used without adhesive coating showed no significant difference when this metal primer was combined with an adhesive. However, the same results were not observed after thermocycling, in which the combination of AP with SB or SU presented higher SBS than AP alone. Also, the SBS of combined use of AP and adhesives did not decrease after thermocycling, as occurred for AP used without adhesive coating. Thus, these results indicate that AP needs an adhesive layer over it to maintain a stable adhesion. The fracture mode was 100% adhesive, but when AP was combined with adhesive systems some mixed fractures were observed.
CP contains MPS, which is a silane coupling agent. Its manufacturer indicates CP for the repair of damaged ceramic crowns, bridges and PFM indirect restorations. The results did not show any advantage of using CP combined with adhesives and the SBS was similar to control group at 24 h and after thermocycling. Di Francescantonio et al. (5) used CP combined with resin cement and they did not find good results in bond strength to Ni-Cr. However, another study demonstrated that CP was effective when applied to conditioned titanium. According to the authors, CP can improve the wettability, which may be responsible for increasing the bond strength to that alloy (19) .
UP is an adhesive primer indicated for the repair of ceramics, metal alloys, PFM and composite materials. It has also been used for bonding denture resin to metal base. UP contains MTU-6 and MAC-10. MTU-6 is a thiouracil monomer and its hexyl group produces a chemical bond between resin-based materials and precious metals (5, 6) . MAC-10 is a carboxylic acid monomer, which is considered Figure 1 . Distribution (%) of failure modes among experimental groups after 24 h (24H) and after thermal cycling (TC).
hydrolytically stable because its spacer group contains 10 carbon atoms. Some studies have shown that carboxylic acid monomer is able to react with the chromium oxide, insuring proper bond strength and stability over time even after in vitro thermocycling (22, 23) , which corroborates the results of this study. The combination of UP with MDP-containing adhesive (SU) yielded one of the best SBS results at 24 h; additionally, after thermocycling this experimental group showed the highest SBS. Thus, it may be speculated that there was no competitive relationship between MAC-10 and 10-MDP.
Higher SBS values presented for UP groups modified the failure pattern, which was predominantly mixed failure at 24 h and after thermocycling. The flowable composite remaining at Ni-Cr bonding area may be due to the chemical interaction between the carboxylic functional group of the MAC-10 monomer and Ni-Cr alloy.
SU is a multi-mode adhesive system that contains 10-MDP monomer. According to the manufacturer, it can be used for intraoral repair of existing indirect restorations and as a primer for zirconia, alumina, other metals and glass ceramic restorations. The results showed that the SBS of SU to Ni-Cr alloy was not effective. Taira et al. (8) tested an experimental primer containing MDP dissolved in acetone and the initial bond strength values were adequate (20.6 MPa). However, the SBS decreased significantly following thermocycling and those authors concluded that is difficult to obtain a durable bonding using phosphoric acid derivatives solely. A recent study shows that the silane-containing Universal adhesive did not seem very effective and stable, and recommended the use of a separate silane primer to achieve enough silane-coupling effect (24) . In addition, studies show that multi-mode systems may absorb water even after curing, which degrades the polymer network, reducing the bond strength (15, 25) . The lack of interaction of SU with Ni-Cr alloy reflects in the failure mode that was 100% adhesive.
Adhesive monomers present three different parts. The first is the functional group that is responsible for bonding to metal alloys. The second part is the polymerizable group, which reacts with resin-based materials. The third is the hydrophobic portion, which ensures hydrolytic stability for the monomer (6, 7, 12, 22) . MTU-6 and VBATDT monomers have different lengths of spacer chain, generating different degrees of hydrophobicity, which may explain the stability of the bond strength after thermocycling for UP groups. The mix of MDP with EP3MA and EP8MA (two sulfur-containing monomers whose structures have different lengths of spacer chain) resulted in a monomer with greater length of spacer chain that was less affected by thermal cycling (13) .
Studies have shown that the combined use of a sulfurcontaining monomer and a phosphate monomer improved the bond strength of noble and base metal dental alloys (12, 13) . However, the combination of a primer sulfurcontaining monomer, carboxylic acid functional monomers and a 10-MDP-containing adhesive system must be further investigated to ensure that the bonding of resin-based materials to metal alloys using adhesive primers is reliable and predictable.
The results suggested that two metal primers (Alloy Primer and Universal Primer) combined with dental adhesives can improve the bond strength of a flowable composite to Ni-Cr alloy. These combinations yielded the highest SBS values after thermocycling.
Resumo
Este estudo avaliou os efeitos de três primers para metais e um sistema adesivo multi-mode na resistência da união por cisalhamento (SBS) de um compósito resinoso de baixa viscosidade a uma liga niquel-cromo (Ni-Cr). Noventa placas Ni-Cr foram divididas em 9 grupos (n=10). As superfícies foram jateadas com Al 2 O 3 e condicionadas com três primers adesivos: Alloy Primer (AP), Universal Primer (TP) e Rely X Ceramic Primer (CP) e um adesivo multi-mode (Scotchbond Universal, SU). Os adesivos Adper Single Bond Plus (SB) e SU foram combinados com os primers para metais. O grupo controle não recebeu nenhum tipo de tratamento superficial. Os grupos foram: AP, AP+SB, AP+SU, TP+SB, TP+SU, CP+SB, CP+SU e SU. Cilindros de resina foram construídos na superfície da liga. Após 24 h, metade dos espécimes foi submetido ao SBS, a outra metade foi termociclada previamente. Os dados foram analisados pelos testes ANOVA dois fatores e Tukey (a=0.05). Os tipos de fraturas foram determinados utilizando microscopia eletrônica de varredura (MEV). Os maiores valores de SBS foram obtidos com AP e TP combinados com adesivos após 24 h e o menor valor foi obtido no grupo controle. A ciclagem térmica reduziu a SBS para AP, CP+SU e SU. Combinação entre TP e SU resultou em altos valores de SBS após termociclagem. Os grupos TP apresentaram todos os modos de fratura e alta incidência de fraturas mistas. O uso dos primers AP e UP para metais antes da aplicação dos sistemas adesivos SU e SB aumentou a SBS entre o Ni-Cr e a resina composta. Essa combinação entre primers e adesivos mostrou os maiores valores de SBS após a termociclagem.
